Management of large volumes (60,000 ha-m) of co-production water associated with coal bed natural gas (CBNG) water extraction is a potential concern in the Powder River Basin (PRB) of Wyoming and Montana due to elevated water salinity and sodicity levels. Land application of saline-sodic CBNG water is a common water management method being practiced in the PRB, which can result in deterioration in soil quality. Th e objective of this study was to evaluate eff ects from 1 to 4 yr of land application with CBNG water on soil chemical properties at six study sites (fi ne to loamy, mixed to smectitic, mesic, Ustic Ardisols and Entisols) in the Wyoming PRB region. Changes in chemistry of soils collected from six depths irrigated with CBNG water were compared with representative nonirrigated soils. Applications of CBNG water signifi cantly increased soil EC, SAR, and ESP values (up to 21, 74, and 24 times, respectively) compared with nonirrigated soils. Diff erences in soil chemical properties between an irrigated and nonirrigated coarse-textured soil were less than that of fi ne-textured soils, emphasizing texture as an important factor for salinity buildup. Pretreatment of CBNG water using a sulfur burner and application of gypsum and elemental S soil amendments reduced soil pH but did not prevent the build-up of salts and sodium. Study results suggest that current CBNG water management strategies are not as eff ective as projected. Additional research is needed to develop management strategies appropriate for mitigating adverse eff ects of CBNG water irrigation.
In the PRB, several management options have been considered including: (i) direct discharge to existing waterways, (ii) construction of infi ltration/evaporation reservoirs, (iii) aquifer-injection, and (iv) direct land application using conventional irrigation systems (U.S. Department of Interior, Bureau of Land Management, 2003) . Several regulatory, environmental, and economic considerations aff ect these options (U.S. Energy Information Administration, 2006) . However, land application of CBNG water using traditional sprinkler irrigation systems is common (U.S. Department of Interior, Bureau of Land Management, 2003) . At present several management strategies such as applying adequate water to prevent salt accumulation and maintain high available water, addition of soluble Ca 2+ in the form of gypsum to replace Na + , and applications of elemental S to neutralize alkalinity are being practiced to minimize adverse eff ects of land disposal of saline-sodic CBNG water Johnston et al., 2008) . Site specifi c application methods are determined by topography, land use and ownership, soil quality, soil hydrologic characteristics, water application rates, and vegetation tolerance to altered environmental conditions (U.S. Department of Interior, Bureau of Land Management, 2003; King et al., 2004) .
Smectite clays dominate the mineralogy of soils in the PRB with nearly 41% of the basin area characterized as poorly drained (U.S. Department of Interior, Bureau of Land Management, 2003) . Application of poor quality CBNG water on these lands can have adverse impacts on sensitive plant growth and soil quality due to salinity and Na + buildup (Bauder and Brock, 2001; Rice et al., 2002; Dahiya et al., 2004; Ganjegunte et al., 2005; King et al., 2005; Stearns et al., 2005; Vance et al., 2008) . Longterm land application of CBNG water, if not managed properly, can irreversibly damage soil productivity in the disposal sites. Evaluating changes in soil chemistry is therefore critical for developing appropriate management practices. Th e objective of this study was to evaluate cumulative eff ects from 1 to 4 yr of CBNG water land application on soil chemical properties. Results of this study can be used to evaluate current management practices and provide essential information needed to develop appropriate management practices to prevent permanent damage to lands impacted by CBNG water applications.
Materials and Methods

Powder River Basin
Th e PRB is located in northeast Wyoming and southeast Montana. It is characterized by rolling uplands and hills with rough, eroded, and broken terrain in the north. Land generally slopes northward from higher elevations in Wyoming toward the Yellowstone River in Montana, draining mainly via the Tongue and Powder Rivers to the north and the Belle Fourche and Cheyenne Rivers to the east. Annual precipitation averages 380 to 430 mm along the periphery of the Basin, decreasing to a low of 330 mm near its center. Most precipitation comes between March and July. Th e climate is arid and semiarid with long, cold winters and short, hot summers. Soils are infl uenced by dominant local geologic strata that infl uence chemical and physical properties. Basin soils are generally alkaline, low in organic matter content, and often dominated by smectitic clays (U.S. Department of Interior, Bureau of Land Management, 2003) .
Study Sites
Areas irrigated with CBNG water and representative nonirrigated areas were established at six study sites (Fig. 1) (Fig.  1) . Diff erent CBNG producers have been managing these sites, and land application of CBNG water occurs from April through November. Various CBNG water treatments (i.e., sulfur burner) and soil amendments (i.e., gypsum and elemental S) were used on the irrigated sites. Ownership and access issues limited possible study site locations. Six sites were selected because representative nonirrigated areas with similar soil series and topographies were available in proximity to irrigated areas. Soil classifi cation details for irrigated and nonirrigated sites are provided in Table  1 . Environmental characteristics are summarized by: seasons of CBNG water application by October 2004 (end-of-study), general vegetation, precipitation zone, soil profi le textures, and water application methods. Various water and soil amendments being used in these study sites are summarized in Table 2 . Th e details provided by diff erent CBNG producers managing these sites, on the amount of CBNG water, gypsum, and S that have been added to irrigated site soils, are given in Table 3 . Th e amount of S does not include that used in sulfur burners.
Coal Bed Natural Gas Water Sampling
Multiple grab water samples were periodically obtained throughout the 2003-2004 fi eld seasons from reservoirs associated with the study sites and also from side-roll and centerpivot irrigation sprinklers used for CBNG water application. Samples were collected in plastic bottles that were fi lled to eliminate headspace, capped, placed in ice-fi lled coolers, and transported to the laboratory for analyses of pH, EC, and Na + , Ca 2+ , and Mg 2+ concentrations.
Soil Sampling
Soil samples from irrigated and nonirrigated areas in study sites were collected during 2003 and 2004. Sample dates were earlyseason (June or July) and late-season (October) for both years. Five (early-season 2003) or three (late-season 2003; early and late-season 2004) random samples were collected from each experimental area using a hand-auger. Soil samples were collected at six depth intervals (0-5, 5-15, 15-30, 30-60, 60-90, and 90-120 cm) , placed in resealable plastic bags to prevent moisture loss, and transported to the laboratory for further analyses. Soil subsamples were dried at 105°C until constant weight was obtained and gravimetric soil moisture contents calculated. Soil samples were air-dried, passed through a 2.0-mm sieve, and analyzed for particle-size distribution and chemical properties. Particle analyses were determined using the hydrometer method (Gee and Or, 2002) .
Soil Solution Sampling
To monitor salt and Na + buildup, two to four nests of soil solution lysimeters (Johnson 1 and 2, four lysimeter nests; Sheridan 3, 4 and 6, three lysimeter nests; and Sheridan 5, two lysimeter nests) were installed in irrigated areas of study sites at 15-, 30-, and 60-cm depths during August 2003. Lysimeters were allowed to equilibrate for several months and soil solutions collected late during the 2003 irrigation season were discarded. Lysimeter soil solution samples collected in August 2004 were stored in plastic 
Chemical Analyses
Th e pH and EC values were determined using a glass electrode and conductivity cell (Rhoades, 1996; Th omas, 1996) . Soluble Na + , Ca
2+
, and Mg 2+ concentrations in soil saturated paste extracts and CBNG water samples were determined using inductively coupled plasma spectrometry (Suarez, 1996) . Sodium adsorption ratios (SAR) were calculated as:
where Na ) of respective ions (Essington, 2004) . Limited volumes of lysimeter soil solution samples allowed for only EC and SAR analyses, using the methods described above. 10.00 † The above data are obtained from management records of coal bed natural gas (CBNG) producers maintaining the study sites and based on mass balance calculations performed in an earlier study on the same sites ; these data were found to be fairly accurate.
Soil cation exchange capacity (CEC) was determined using sodium acetate (NaOAc) buff ered at pH 8.2 and 1 M ammonium acetate (NH 4 OAc) (Sumner and Miller, 1996) . Soil watersoluble Na + concentrations from saturated paste extracts were subtracted from Na + concentrations determined with NH 4 OAc extracts to calculate exchangeable Na + concentrations (Helmke and Sparks, 1996) and to calculate exchangeable sodium percentage (ESP), which is the percentage Na + on the exchange complex. Ammonium acetate-extractable Na + represented the sum of soil water-soluble and exchangeable Na + .
Statistical Analyses
Signifi cant diff erences between sample parameters were determined with two-group t tests of means (SAS Institute, 2002) . Variances were evaluated for equality and log(x) data transformations performed when necessary. Satterthwaite (1946) approximation was used to evaluate t test results for unequal variances. Signifi cance was determined at the p < 0.05 or p < 0.10 levels (one-tailed).
Results
Chemical properties of CBNG water collected from our study sites ) generally considered suitable for sensitive crop species (U.S. Salinity Laboratory Staff , 1954; Shainberg and Oster, 1978; Hillel, 2000) ( Table 4 Reddy, 2007a, 2007b) (Table 4) .
Clay and clay loam soil textures dominated most sample depths on the six study sites (Table 2) . Inter-bedded sandstone parent material infl uenced texture throughout the profi le of Sheridan-3 and the 60-to 120-cm depth of Sheridan-4. Clay content exceeded 250 g kg −1 at most depths at all locations except the irrigated areas at Sheridan-3 (0-5 and 90-120 cm), Sheridan-4 (0-5 and 90-120 cm), and Sheridan-6 (0-5 cm) sites. Clay content exceeded 300 g kg −1 in 60 of 72 study site samples. Soil chemical properties were evaluated by comparing end-of-study (late-season 2004) irrigated vs. nonirrigated areas and beginning-of-study (early-season 2003) irrigated area data to end-of-study irrigated area data. Beginning-of-study does not necessarily imply no treatment with CBNG water as some sites (Johnson-1 and Sheridan-3) had received up to two prior seasons of CBNG water applications by 2003.
Late-season 2004 responses of both irrigated and nonirrigated area pH values were variable (Fig. 2) . Soils from Johnson-2 and Sheridan-5 showed no signifi cant diff erences in pH values (irrigated vs. nonirrigated). However, the Johnson-1 irrigated area had two soil depths (30-60 and 90-120 cm) and irrigated areas at Sheridan-3, -4, and -6 each had several sample depths with signifi cantly lower pH values than their respective nonirrigated areas. Comparisons of irrigated area pH values between beginning-and end-of-study indicated fi ve of six study sites had at least four sample depths with signifi cantly lower pH values by end-of-study (Table 5) .
End-of-study (2004) soil ECs were signifi cantly greater (up to 21 times that of nonirrigated soil at 15-30 cm in Johnson-1) on irrigated areas at four of six study sites to depths of 120 cm compared with their respective nonirrigated areas (Fig. 3) . Th e remaining two sites had signifi cantly greater irrigated area ECs to depths of 60 cm (Sheridan-3) and 30 cm (Johnson-2) than their respective nonirrigated areas. (Table 5 ). Sheridan-3 had higher EC on its nonirrigated area at 60-to 90-and 90-to 120-cm sample depths than on its respective irrigated area (Fig. 3) . ). Lysimeter soil solution EC values also confi rmed that the upper 60 cm soils in Johnson-1, Sheridan-3, and Sheridan-4 were saline, whereas Sheridan-6 contained high salt concentrations at 30-and 60-cm depths.
Late-season 2004 irrigated area SARs were signifi cantly greater than those of respective nonirrigated areas at depths to 120 cm on four study sites (Johnson-1 and Sheridan-4, -5, and -6) (Fig. 4) . Th e SAR increases of irrigated soils ranged from double the representative nonirrigated Sheridan-3 surface soil to 74 times greater than the representative nonirrigated site at the 5-to 15-cm depth of Johnson-2. Th e irrigated area at Johnson-2 had signifi cantly increased SARs to 60 cm compared with its nonirrigated area after only 1.5 seasons of saline-sodic CBNG water application. Results from Sheridan-3 were variable with signifi cantly greater irrigated area SARs at 0-to 5-cm and 30-to 60-cm sample depths than those of its nonirrigated area, but signifi cantly lower SARs at the 90-to 120-cm depth (Fig. 4) . Diff erences in other sample depths at Sheridan-3 were not signifi cant. Comparisons of beginning-of-study and end-of-study irrigated area SARs indicate signifi cant increases in Na + accumulations to at least 30 cm at fi ve of the six study sites (Table 5) . Increases were signifi cant to depths of 120 cm on Sheridan-4, 60 cm on Johnson-1, and 30 cm on Johnson-2 and Sheridan-5. Based on saturated paste soil SAR values, soils at Johnson-1 (0-5, 5-15, and 15-30 cm), Johnson-2 (0-5 and 5-15 cm), and Sheridan-6 (0-5 cm) were considered sodic (Fig. 4) . However, lysimeter solution SAR values indicated only the 15-cm depth of Johnson-1 site to be sodic (Fig. 5) .
Beginning-of-study vs. end-of-study irrigated area ESP comparisons indicated increased accumulations of exchangeable Na + on soil exchange sites to depths of 120 cm at fi ve of six study sites. Increases were signifi cant for 32 of 36 samples (Table 5 ). Diff erences in ESP values from intermediate depths at Johnson-1 (30-60 cm), Sheridan-3 (60-120 cm), and Sheridan-5 (60-90 cm) were not signifi cant (Table 5) . Irrigated soil ESPs were signifi cantly higher at most depths than nonirrigated soils in all study sites for late-season 2004 samples (data not shown). Th e ESP values of irrigated soils at 60-to 90-cm depth in Johnson-2 were 24 times greater than nonirrigated areas after only 1.5 seasons of saline-sodic CBNG water application. However, Sheridan-3 and Sheridan-4 had a combined total of fi ve intermediate sample depths with ESPs that were not signifi cantly elevated. Sheridan-3 had variable results with signifi cantly greater ESPs (irrigated vs. nonirrigated) at 0-to 5-, 15-to 30-, and 90-to 120-cm sample depths, but no signifi cant diff erences at 5-to 15-or 30-to 90-cm depths. Sheridan-4 also had no signifi cant increase in irrigated area ESPs compared to its nonirrigated area in the 30-to 90-cm depth range.
Concentrations of Na + (mg L −1 ) signifi cantly increased to depths of 30 cm on irrigated areas at all six study sites between early-season 2003 and late-season 2004 (Table 6 ). However, results at depths below 30 cm were inconsistent. Concentrations of Ca 2+ and Mg 2+ were variable, refl ecting amounts, timing, and quality of surface amendments and CBNG water, as well as in situ mineral concentrations. Increases and decreases in both ions were evident across sites and with depth (Table 6 ). Only Johnson-1 had signifi cant end-of-study (vs. beginning-of-study) increases in Ca 2+ and Mg 2+ at most sample depths (Table 6 ).
Discussion
Site specifi c management practices are infl uencing soil pH on irrigated areas of the CNBG water application study sites. Coal bed natural gas water treated with sulfur burners, which acidify CBNG water by burning elemental S to produce sulfurous or sulfuric acids that reduces HCO 3 − concentrations, lowered soil pH on Sheridan-3, Sheridan-4, Sheridan-5 and Sheridan-6. Relatively large volumes of low pH CBNG water applied in 2004 to Sheridan-3 and Sheridan-6 compared with Sheridan-5 could have resulted in signifi cantly lower pH values in these two sites. Although Sheridan-4 and Sheridan-5 received the same amount of CBNG water and elemental S, the pH of CBNG water applied at the Sheridan-4 site was lower than Sheridan-5. Th is could explain the lower pH values observed at some depths in Sheridan-4 soils. Reduction in pH values observed at Johnson-1 was a continuation of trends observed for the same site reported by Ganjegunte et al. (2005) and could be due to the application of greater amounts of CBNG water and S. Sulfur burner treatments appear to favorably infl uence pH, maintaining values throughout soil profi les of irrigated areas that improve dissolution of in situ calcite (Yu et al., 2003; Johnston et al., 2008 (Table 5) . Johnson-1 received the heaviest applications of CBNG water and chemical amendments of all six study sites and the irrigated area surface horizon had the lowest pH value (6.2) measured. Decrease in pH values from early 2003 to late 2004 at depths to 120 cm on irrigated sites refl ect the infl uence of soil chemical amendments and amount of CBNG water applied. It is likely, however, that this trend will not continue following cessation of CBNG water applications and soil or water treatments. Over time, soil pH equilibria will be reached by leaching eff ects driven only by natural precipitation events (e.g., rainfall and snowmelt) and the accumulated soluble salts and Na + from CBNG water and chemical treatment applications. Tedeschi and Menenti (2002) reported that salts accumulated in arid soils from solubilization of soil salts when irrigated with saline water (EC w > 0.75 dS m −1 ). On our study sites, late-season 2004 irrigated area soil ECs were signifi cantly greater (up to 21 times) than those from respective nonirrigated areas to depths of at least 30 cm. Th ese increases are much higher compared with EC values reported for the same sites (except Johnson-2) by Ganjegunte et al. (2005) . In fact, only Johnson-2 and Sheridan-3 were signifi cantly impacted at depths less than 120 cm. Johnson-2 (impacted to 30 cm) had only received CBNG water applications for 1.5 seasons and Sheridan-3 (impacted to 60 cm) was dominated by coarse soil textures. Signifi cant accumulations of soluble salts were found at consistently deeper depths on all study sites in 2004 than those reported from these sites in 2003 . It is evident that land application with saline-sodic CBNG water has resulted in signifi cant increases in soluble salt accumulations in these soil profi les and the effects have been cumulative over time. It is also apparent that both chemical amendments and CBNG water applications are contributing to these surface accumulations. Impacts to 14 of 36 irrigated area samples have increased ECs to levels that qualify as saline soils (≥4.0 dS m Management, 2003) . Salinity hazard ranking systems based on these factors have been developed to help predict salinity eff ects. Because this ranking system does not include a nonsaline category, it is more restrictive at low concentrations and less restrictive at high concentrations than implied by the standard defi nition. Signifi cant increases in EC values of upper depth soils at irrigated areas suggest that leaching has not been adequate to remove excess salt accumulations from eff ective root-zones Land applications of saline-sodic CBNG water signifi cantly increased SAR values to levels much higher than those reported by Ganjegunte et al. (2005) for the same sites. Increases in SAR occurred throughout the soil profi les of irrigated areas compared with respective nonirrigated areas on study sites, especially in the sites dominated by fi ne-textured soils. Signifi cant increases in both SARs and ESPs to 120 cm were common. Th e irrigated area at Sheridan-3 had variable and inconclusive SAR and ESP responses compared with the nonirrigated areas, with no increases at some intermediate sample depths. Patterns of increased Na + accumulation in irrigated areas during the study are similar to those noted for ECs, with signifi cantly increasing SARs (to at least 60 cm) on all but coarse-textured Sheridan-3 and signifi cantly increasing ESPs to 120 cm on four of six irrigated areas. Accumulations of Na + in 10 of 36 irrigated area samples increased SARs to levels defi ned as sodic (12 mmol 1/2 L −1/2 ) and 24 of 36 irrigated area samples had increased ESPs to sodic levels (15%) compared with respective nonirrigated areas (U.S. Salinity Laboratory Staff , 1954) . In fact, some portion of the top 30 cm of the soil profi les on all irrigated areas was either sodic or approaching sodic. Th e sodicities of these sample depths would also make them unsuitable or marginally suitable for topsoil use in mine land reclamation as rated by the Wyoming DEQ-LQD mining soil salvage guidelines (Wyoming Department of Environmental Quality-Land Quality Division, 1994). In addition, six sample depths in the upper 30 cm of soil profi les on three irrigated areas (Johnson-1, Johnson-2, and Sheridan-4) had soluble salt and Na + concentrations defi ned as salinesodic. Th ese trends were also observed for EC and SAR values of soil solutions obtained from suction lysimeters (Fig. 5) . Lysimeter soil solution EC and SAR values were diff erent than saturated paste extracts, indicating steady state equilibrium between soil and soil solution has not been reached in the irrigated areas.
Th e relationship between SAR and ESP for the end-ofseason irrigated sites is shown in Fig. 6 . Th ere was a positive correlation (R 2 of 0.55) between SAR and ESP for the endof-season irrigated sites, suggesting addition of CBNG waters increased the amount of Na + on the exchange complex and in the soil solution. Th is was expected to occur over time; however, Ganjegunte and Vance (2006) reported that direct measurements of ESP using NH 4 OAc in saline soils of the PRB might yield erroneous results due to overcorrection for water-soluble Na + concentrations. Th ey reported that SAR values were often below the expected SAR-ESP empirical relationship provided by the U.S. Soil Salinity Laboratory Staff (1954) . One reason for this appreciable error in the estimation of exchangeable Na + may be related to smectite being the dominant clay mineral in these soils. Th erefore, SAR values were suggested by Ganjegunte and Vance (2006) to be the best indicator for relating Na + status to plant growth. Th e SAR values of irrigated soils at Sheridan-4, Sheridan-5, and Sheridan-6 signifi cantly increased to 120-cm soil depths, indicating increases in Na + accumulation at deeper depths of these sites. However, SAR values at the deepest sample depth (90-120 cm) on irrigated areas of the other three sites were not signifi cantly diff erent than those of respective nonirrigated areas. In addition, disproportionate Na ) between early-season 2003 and late-season 2004 at these deeper sample depths did not reveal a consistent trend for altered SAR values among sites, emphasizing the need for site specifi c management plans. Th ese observations indicate inadequate leaching and treatment strategies on all irrigated areas except Sheridan-3. Indeed, it is apparent that current management strategies on these study sites have not prevented the development of sodic soil conditions in at least some portion of the upper 30 cm of soil profi les on irrigated areas, except Sheridan-3. It is also ap- parent that Na + accumulations are increasing with each season of CBNG water application on most sites. It is signifi cant that soluble salt and Na + accumulations have not produced sodic conditions at Sheridan-3 (sandy loams and sandy clay loams), thus emphasizing the importance of texture in site response to land applications of saline-sodic CBNG water.
It is evident from the study results that current management practices are not preventing buildup of salts and Na + in the CBNG water-irrigated soils. To prevent permanent damage to fragile PRB ecosystems, successful management practices should include selection of appropriate sites that are suited for irrigation with saline-sodic water (well drained, preferably coarse-textured soils), pretreatment of CBNG water to reduce salinity and SAR before irrigation, and appropriate management of irrigated fi ne-textured soils that could include land preparation and management practices such as deep tillage, mixing with sand to improve permeability, and conditioning with organic matter or polymers. Reduction in salts and Na + concentrations in brackish or saline-sodic waters such as CBNG water is possible with expensive reverse osmosis treatment, which is not favored by CBNG companies because of its high cost. In a recent study, Zhao et al. (2008a Zhao et al. ( , 2008b have shown that treatment of CBNG water with naturally enriched Ca 2+ zeolites reduced SAR and EC values to acceptable levels at a much reduced cost compared with reverse osmosis. In fi ne-textured soils, managing salinity using deep tillage or subsoiling is a common practice in the southwest and other parts of the United States (Pearce et al., 1999; Miyamoto, 2002) . Assessing feasibility of these suggested practices is urgent and critical to develop alternative management options to avoid permanent damage to soil productive capacity in CBNG water-irrigated areas.
Conclusions
Land application with CBNG water has signifi cantly altered soil chemical characteristics on PRB study sites. Multiple years of CBNG water application has resulted in significant increases in soil EC to 120-cm depths on fi ne-textured soils and to 60 cm on coarse-textured soils. Th e SAR values of CBNG water-irrigated soils increased to 120-cm depths on fi ne-textured irrigated areas compared with their respective nonirrigated areas, suggesting that fi ne-textured soils are more prone to salt and Na + buildup. Pretreating CBNG water with sulfur burners before land application lowered soil pH, but had inconclusive impacts on Ca 2+ concentrations. Current management strategies and practices designed to mitigate soil Na + and soluble salt concentrations by leaching have not prevented signifi cant negative impacts to soil properties. Particularly, these practices have not prohibited development of saline, sodic, and saline-sodic horizons. Th ese results stress the need for alternative site-specifi c management practices and monitoring to prevent development of extremely diffi cult saline-sodic conditions with minimal reclamation potential following cessation of CBNG water applications.
